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a  b  s  t  r  a  c  t
ZnO  nanocrystals  (NCs)  were  synthesized  by heating  Zn  (II) acetylacetonate  in  oleic  acid/oleylamine  in
the presence  of  1,2-hexadecanediol  at 220 ◦C. Transmission  electron  microscopy  (TEM)  and  dynamic  light
scattering  (DLS)  measurements  revealed  the  formation  of  monodispersed  ZnO NCs  of  ca.  7 nm. ZnO  NC
assembled  ﬁlms  were  fabricated  on a glass  substrate  by  deposition  with  the  colloidal  ZnO  NCs  dispersed
in  toluene.  The  ﬁlm  composed  of the NCs showed  good  optical  transparency  in  the  visible  to near-infraredeywords:
nO
anocrystals
olar cells
hin ﬁlms
region.  A device  coupling  the  ZnO  NC ﬁlm  with  a p-type  Cu2ZnSnS4 (CZTS)  NC  ﬁlm  exhibited  an  obvious
diode-like  current–voltage  behavior.  The  results  suggest  that  the  transparent  ZnO  ﬁlm  has  a  potentiality
to  be used  for an  n-type  window  layer  in  some  optoelectronic  applications.
© 2016  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. This  is  an  open  access  article  under  the CC  BY-NC-ND  license  (http://creativecommons.org/u2ZnSnS4
. Introduction
Zinc oxide (ZnO) is one of the important semiconductor
aterials used in electronics, optics, and photonics. Its versatile
pplications include light emitting diodes (LEDs) [1,2], solar cells
3,4], thin ﬁlm transistors (TFTs) [5,6], phosphors [7,8], and trans-
arent conductive electrodes (TCEs) [9,10] because of its wide band
ap, good electron mobility, and high visible light transparency.
ther advantages are its high chemical stability, low cost, nontoxi-
ity and abundance in nature. ZnO shows a n-type conductivity due
o oxygen vacancies or zinc interstitials in the lattice [11,12]. By
ontrollable doping with trivalent cations such as Al, Ga, and In, its
onductivity can be greatly enhanced, making ZnO as a transparent
onductive oxide (TCO) [13,14]. TCOs have become indispensible
omponents in optoelectronic devices such as ﬂat-panel displays
FPDs), LEDs, and solar cells. For such applications, thin transparent
nO ﬁlms with or without dopants have been prepared by vacuum∗ Corresponding author. Tel.: +81 963423664.
E-mail address: tetsuya@kumamoto-u.ac.jp (T. Kida).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2016.06.002
187-0764 © 2016 The Ceramic Society of Japan and the Korean Ceramic Society. Producti
icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).licenses/by-nc-nd/4.0/).
processes including sputtering [15,16], pulsed laser deposition
(PLD) [17], and chemical vapor deposition (CVD) [18].
Chemical solution processes using sol–gel [19,20], chemical
bath deposition (CBD) [21,22] and solvothermal [23] methods have
also attracted much attention to prepare ZnO thin ﬁlms because of
their easy and cost effective processing. As an alternative solution
route to fabricate semiconductor thin ﬁlms, deposition of semi-
conductor nanocrystals (NCs) such as chalcogenides and oxides on
a substrate has recently emerged. Particulate semiconductor ﬁlms
made with highly crystalline NCs have successfully been utilized
for optoelectronic devices such as solar cells [24,25], TFTs [26,27],
and LEDs [28,29]. ZnO NC ﬁlms were also applied for use in the
above applications [30–32].
In this study, we report on the fabrication of transparent thin
ﬁlms using ZnO NCs synthesized by the thermal decomposition
of metal precursors in an organic solution in the presence of sur-
face coordinating ligands at elevated temperatures. In this synthetic
route, the chemisorption of organic ligands onto the resulting NCs
yields samples with a narrow size distribution, regulated mor-
phology, and high dispersibility in non-polar solvents. The NC
synthesis routes can be classiﬁed into “hot-injection” and “heating-
up” methods. In a hot-injection method, a precursor solution
is rapidly injected into a preheated organic solution with other
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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recursors to induce fast crystal nucleation. Hot-injection methods
re the most studied to synthesize monodispersed ZnO NCs with
igh quality [33–35]. The doping of ZnO NCs with other cations is
lso possible with hot-injection methods [36–39]. However, these
ethods are rather difﬁcult to reproduce because the NC qual-
ty is greatly dependent on synthetic conditions such as injection
emperature, reaction temperature, reaction time, etc. In addition,
 large-scale production is difﬁcult with hot-injection methods.
n the other hand, a heating-up method, where a reaction sys-
em containing all precursors is simultaneously heated up, has
dvantages over a hot-injection method in terms of large-scale
roduction because of its simplicity. Here, we attempted to pro-
uce monodispersed ZnO NCs by a heating-up synthetic approach
nd applied them for fabrication of transparent thin ZnO ﬁlms by
 simple drop casting method. The obtained ZnO NCs and ﬁlms
ere characterized by XRD, TEM, UV–vis absorption spectroscopy,
nd photoluminescence spectroscopy. The resulting ZnO ﬁlm was
oupled with a p-type NC ﬁlm to conﬁrm its applicability for opto-
lectronic devices. As p-type NCs, Cu2ZnSnS4 was chosen because
f its promising properties for solar cell applications such as high
ight absorption coefﬁcient, narrow band gap, low cost, nontoxicity,
nd abundance in nature.
. Experimental
.1. Synthesis of ZnO NCs
For a typical synthetic reaction, 1 mmol  of Zn (II) acetylaceton-
te, 10 mmol  of 1,2-hexadecanediol, 5 ml  of oleic acid, and 15 ml  of
leylamine were loaded in a three-neck ﬂask. The ﬂask was con-
ected to a Schlenk line and the mixture was heated at 120 ◦C for
0 min  under an Ar ﬂow. Then, the reaction temperature was  raised
o 220 ◦C and maintained for 1.5 h. The nanocrystals (NCs) were
ashed several times using a mixture of hexane and isopropanol,
nd were dispersed in toluene to make a coating ink.
.2. Thin ﬁlm fabrication
ITO-coated glasses (surface resistivity = 15 /sq, Kintec Com-
any) were used as a substrate. They were cleaned with acetone
nd deionized water under sonication for 5 min  before use. A ZnO
lm (thickness: 200 nm)  was deposited on an ITO glass by drop
asting using the ZnO NC ink. After deposited, the ZnO ﬁlm was
eated at 300 ◦C for 30 min  to remove capping agents from the ZnO
C surface.
.3. Synthesis of Cu2ZnSnS4 nanocrystals
Typically, 1.3 mmol  of copper (II) acetylacetonate, 0.9 mmol  of
inc (II) acetylacetonate, 0.75 mmol  of tin (IV) bis(acetylacetonate)
ichloride, and 3 mmol  of a sulfur powder were added to 6 ml  of
leylamine in a three-neck ﬂask. The ﬂask was connected to a
chlenk line and the reaction system was heated at 80 ◦C for 30 min
nder an Ar ﬂow. Then, the temperature was raised to 230 ◦C and
ept there for 30 min. After the reaction, the product was  washed
ith a mixture of hexane and isopropanol by centrifugation. The
recipitate formed was dispersed in toluene to make a coating ink
0.2 mg/L). The composition of the Cu/(Zn + Sn) ratio was  0.87, as
easured by inductively coupled plasma atomic emission spec-
roscopy (ICP-AES; SPS1700 HVR, Seiko Instruments Inc.)..4. Fabrication of pn junction device
A drop of the Cu2ZnSnS4 NC ink was coated on the ZnO NC
lm by a spin coating method. The Cu2ZnSnS4 ﬁlm (thickness:mic Societies 4 (2016) 319–323
100–200 nm)  was  subjected to the ligand stripping using Meer-
wein’s agent ((C2H5)3OBF4) following a method described in the
literature [40]. Finally, the ﬁlm was coated with gold electrodes
(thickness: 100 nm)  by thermal evaporation. The device structure
was glass/ITO/ZnO/CZTS/Au. For some devices, a buffer layer CdS
was inserted between ZnO and CZTS. The CdS layer was  deposited
by a chemical bath deposition method described in the literature
[40]. Current (I)–voltage (V) characteristics of the device were mea-
sured using a Keithley 2400 source meter.
2.5. Materials characterization
The synthesized NCs and ﬁlms were analyzed by X-ray
diffractometry (XRD) using Cu K radiation (RINT2100 and
RINT2500, Rigaku) and transmission electron microscopy (TEM,
JEM-2000EX/T, JEOL). The size of the crystals in solvents was
determined by dynamic light scattering (DLS) analysis using a
DLS spectrophotometer (Zetasizer Nano ZS, Malvern Instruments).
The surface morphology of the ZnO NC ﬁlm was measured on
a cold Filed Emission Scanning Electron Microscope (FE-SEM;
SU-8000, HITACHI). Light absorbance spectra of nanocrystal sus-
pensions were acquired with a UV–vis spectrometer (V-650, JASCO
Co.). Steady-state photoluminescence spectra were obtained with
a spectroﬂuorometer (FP-6000, JASCO Co.). The presence and
absence of capping agents on the NCs surface were analyzed by
Fourier transform infrared spectroscopy (FT-IR; FTIR4100, JASCO).
3. Results and discussion
3.1. Nanocrystal properties
We  ﬁrst characterized as-synthesized ZnO NCs to examine their
particle size and crystallite phase by DLS and TEM, respectively.
Fig. 1(a) shows DLS results of ZnO NCs dispersed in toluene. The
colloidal size of the NCs was estimated to be 7.4 nm in average
with a standard deviation of 1.8 nm.  A representative TEM image
(Fig. 1(b)) shows that the average particle size was  approximately
7 nm,  which was in good agreement with the DLS results. Fig. 1(c)
shows XRD patterns of the ZnO NCs. The pattern exactly matched
with the reference pattern of the ZnO that crystallized with the
wurtzite structure (JCPDS #89-0510). The crystallite size was  esti-
mated to be 8.3 nm by the Scherrer formula from the XRD peak,
in good agreement with the colloidal size. The above results indi-
cate the good dispersibility of the NCs in non-polar solvents such
as toluene and hexane.
Fig. 1(d) shows UV–vis absorbance and photoluminescence (PL)
spectra of the ZnO NCs dispersed in hexane. The nanocrystals
showed an absorption edge at approximately 380 nm due to the
band gap absorption. Photoluminescence from the NCs peaked at
505 nm when excited with light at 300 nm.  The observed broad PL
emission in the visible light region should originate from defect lev-
els within the band gap because the peak of the PL at 505 nm is much
longer than that of the absorption edge. It has been reported that
oxygen vacancies are responsible for green PL emission from ZnO
[8,41]. The obtained results indicate that the synthesized ZnO NCs
had good monodispersity in the nanosize range, good crystallinity,
and wide optical band gap.
As suggested by Buonsanti et al. [36], an alcoholysis reaction
between zinc oleate and 1,2-hexadecanediol possibly occurred to
form zinc hydroxide nuclei and esters according to a simpliﬁed
scheme, as follows:(RCOO)2Zn + R′(OH)2 → Zn(OH)2 + (RCOO)2R′
The reaction should result from nucleophilic attack of 1,2-
hexadecanediol to the carbonyl groups of zinc oleate that was
S. Suehiro et al. / Journal of Asian Ceramic Societies 4 (2016) 319–323 321
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cig. 1. (a) DLS size histogram for ZnO nanocrystals (NCs) dispersed in toluene and 
V–vis  absorbance (light blue line) and photoluminescence (PL) spectra (blue line)
ormed by reaction of zinc acetylacetonate with oleic acid. The sub-
equent polycondensation and dehydration of the resultant zinc
ydroxide nuclei led to the formation of nanocrystalline ZnO. We
ound that shorter-chain diols such as octanediol did not efﬁciently
orm monodispersed ZnO NCs. It is thus suggested that the steri-
ally hindered longer-chain diol of 1,2-hexadecanediol limited the
apid crystal growth of zinc oxide (or hydroxide) nuclei with the
elp of coordinating ligands (oleic acid and oleylamine), producing
he monodispersed ZnO NCs even with the heating-up method.
.2. Nanocrystal ﬁlm properties
The morphology, optical and electrical properties of ZnO NC
hin ﬁlms deposited on a ITO-coated glass substrate were studied.
ig. 2(a)–(d) shows representative SEM images of the surface and
ross section of a ZnO NC ﬁlm annealed at 300 ◦C. The low magni-
cation SEM images (Fig. 2(a) and (c)) indicate uniform and dense
orphology of the ﬁlm. The high magniﬁcation images (Fig. 2(b)
nd (d)) show that the ﬁlm was composed of 10–30 nm ZnO NCs,
hich were homogeneously packed to form the dense ﬁlm with a
00–500 nm thickness.
Annealing at 300 ◦C did not lead to a signiﬁcant crystal growth
f the ZnO NCs. Fig. 3(a) shows the XRD pattern of the ZnO NC ﬁlm
nnealed at 300 ◦C. The XRD peaks from ZnO were evident although
he broad halo peak that overlaps those of ZnO was  seen in the
attern. To conﬁrm the removal of surface capping ligands from
he ZnO NCs after annealing, FT-IR measurements were carried
ut as shown in Fig. 3(b). The as-prepared ﬁlm exhibited diag-
ostic signals of oleic acid and oleylamine at around 2900 cm−1,
700–1800 cm−1, 1600 cm−1 and 1500 cm−1, ascribable to sym-
etric and antisymmetric C H, C O, COOH, and C C stretches. In
ontrast, these signals disappeared after annealing at 300 ◦C, indi-
ating the elimination of the surface capping agents by annealing.M images of ZnO nanocrystals (scale bar: 20 nm). (c) XRD patterns of ZnO NCs. (d)
 NCs in hexane.
Fig. 4(a) shows a transmission spectrum of the ZnO NC ﬁlm
deposited on an ITO glass substrate. The ﬁlm showed transmittance
of more than 80% in the visible to near-infrared region, exhibiting a
good optical transparency. The sharp decrease in the transmittance
in the UV range is due to the band gap absorption. Fig. 4(b) shows
an absorbance spectrum of the ZnO NC ﬁlm. The NC ﬁlm showed an
absorption edge at approximately 380 nm,  as also seen in the ZnO
NCs shown in Fig. 1(a). Optical band gap of the ZnO ﬁlms was  esti-
mated to be 3.2 eV from the corresponding Tauc plot (˛h vs eV)
shown in the inset of Fig. 4(b). We  also conﬁrmed that the green
emission observed in ZnO NCs disappeared for the annealed ﬁlm,
suggesting a decrease in the number of oxygen defects in ZnO NCs
by annealing at 300 ◦C.
To check the applicability of the transparent ZnO ﬁlm to elec-
trical applications, a hetero stricture device coupling the n-type
ZnO NC ﬁlm with a p-type CZTS NC ﬁlm was fabricated and tested
its properties. Fig. 5 shows a representative current–voltage (I–V)
curve for the device with the structure of glass/ITO/ZnO/CZTS/Au.
The cross-sectional image of the device is shown in Fig. 5(a). The
device exhibited a clear diode behavior, indicating the formation of
a pn junction at the interface between the two  different NC ﬁlms.
The obtained curve was ﬁtted with the ideal I–V curve for diodes as
represented by the following formula:
I = I0
[
exp
(
qV
nkT
)
− 1
]
where I0 is the saturation current, q is the electrical quality, n is
the diode factor, k is the Boltzmann’s constant, and T is the abso-
lute temperature. The diode factor of this device was estimated
to be 5.88, which was higher than the ideal diode factor of n = 1.
In contrast, when a n-type buffer layer of CdS was inserted into
the ZnO/CZTS interface, n was decreased to 4.0. Furthermore, the
ZnO/CdS/CZTS device showed a clear photovoltaic (PV) response
322 S. Suehiro et al. / Journal of Asian Ceramic Societies 4 (2016) 319–323
Fig. 2. (a, c) Low and (b, d) high magniﬁcation SEM images of the ZnO NC ﬁlm. (a, b) Surface and (c,d) cross sectional images of the ZnO ﬁlm.
Fig. 3. (a) XRD pattern of the ZnO NC ﬁlm on a glass substrate. (b) FT-IR spectrum of the ﬁlm before and after annealing at 300 ◦C.
Fig. 4. (a) Optical transmittance spectrum of the ZnO NC ﬁlm deposited on a ITO-coated substrate and (b) UV–vis absorption spectrum of the ZnO NC ﬁlm and the corresponding
Tauc  plot (˛h vs eV) (inset).
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13381–13394 (2010).Fig. 5. (a) Cross sectional image and (b) current–voltage (
nder simulated sun light (AM 1.5). Thus, the poor junction quality
f ZnO/CZTS interface may  lead to a higher value of n. Nevertheless,
he obtained results obviously indicate that the fabricated trans-
arent ZnO NC ﬁlms can be utilized for window layers in some
ptoelectronic applications.
. Conclusions
ZnO NC assembled ﬁlms were fabricated on a ITO coated glass
ubstrate by a simple drop-casting method using a NC suspen-
ion in toluene, followed by calcination at 300 ◦C. SEM observation
evealed that the ZnO ﬁlms were composed of 10–30 nm ZnO NCs
hat were homogeneously packed to form a dense ﬁlm. The ﬁlm
ad transmittance of more than 80% in the visible to near-infrared
egion, showing good optical transparency. A device coupling the
nO NC ﬁlm with a Cu2ZnSnS4 (CZTS) NC ﬁlm exhibited an obvi-
us diode-like current–voltage behavior, and showed a PV response
hen using a CdS buffer layer in the device. The results conﬁrm
hat the thin ﬁlm formation using a ZnO NC ink can potentially be
tilized for fabricating printed semiconductor devices for various
pplications.
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